Abstract The fracture toughness of a series of ringopening metathesis polymerization-based Dilulin/dicyclopentadiene (DCPD) copolymers was evaluated by utilizing the essential work of fracture method and the structurefracture property relationship was thoroughly analyzed. Both dynamic mechanical analyzer and scanning electron microscope demonstrated a reaction-induced phase separation in the copolymers. The copolymers' compositiondependent morphologies showed a significant effect on their fracture behavior. The maximum value for the essential work of fracture was found with Dil30DCPD70, which may be explained by their less heterogeneous structure and high cross-link density. The highest nonessential work of fracture was observed with samples made from Dil40DCPD60, which is possibly a consequence of the formation of a rigid DCPD-phase.
Introduction
In recent years, the development of polymeric materials from bio-renewable resources has attracted increasing attention as a promising, alternative route to the use of petroleum-based polymers. Both the finite petroleum resources and the environmental impact of plastics made from petroleum raw materials have driven these efforts [1, 2] . Vegetable oils are renewable feedstocks available in very large quantities at affordable cost. Tung oil and linseed oil, for example, have been used in paints and coatings for centuries. Vegetable oils are generally triglycerides with varying numbers of carbons and unsaturated bonds in the fatty acid chain depending on the specific oil. The existence of unsaturated bonds in the structure make oils can be chemically modified, and then polymerized or be polymerized directly. A wide range of bio-based polymers have been synthesized from vegetable oils or their derivatives using free radical, cationic, or ring-opening metathesis polymerization (ROMP) methods [3] [4] [5] [6] .
Henna and Larock [3] developed novel thermoset copolymers from modified linseed oil (Dilulin) and dicyclopentadiene (DCPD) using ROMP, see Fig. 1 . Varying the compositions led to a series of materials that ranged from hard and rigid to soft and ductile. Tensile testing revealed that copolymers with 30 wt% Dilulin were tough, exhibiting up to 100 % breaking strain and good tensile strength of more than 30 MPa. The cured samples were opaque, indicating the presence of phase separation. It was shown that the morphology of materials strongly affects their toughness [7] . It is of interest to measure the fracture toughness and understand the structure/fracture property relationships in these copolymeric systems.
In general, the fracture toughness of highly ductile polymer materials under large-scale plastic deformation is characterized by the well-established J-integral method. However, the strict size requirements and multiple specimen test procedure greatly limit the application of this method. Recently, a new test method, based on the concept of the essential work of fracture (EWF) [8] , was proposed to characterize the fracture toughness of ductile materials. The EWF concept was first proposed by Broberg [9, 10] , and then further developed by Cotterell and Reddel [8] . The EWF method becomes more popular for studying the H. Cuifracture behavior of polymeric materials [11] [12] [13] [14] [15] [16] [17] due to the simple experimental procedures and loose dimensions requirements of specimens.
The aim of this study was to characterize the toughness of Dilulin/DCPD blend copolymers with different compositions by applying the EWF on deeply double-edge notched (DDENT) specimens. The validity of using EWF with the bio-based copolymers was analyzed. In addition, the correlation between phase morphology and fracture properties was thoroughly investigated.
Fracture mechanism concept
Essential work of fracture When the EWF method is utilized, the fracture area of a ductile material is divided into two different regions, as shown in Fig. 2a . The inner process zone is where the actual fracture takes place, and the outer plastic deformation zone is where various types of plastic deformation, such as shear yielding and micro-voiding, may occur. Accordingly, the total work of fracture (W f ) can be separated into two parts: the essential work of fracture (W e ) and the non-essential work of fracture (W p ). W e is the energy dissipated in the process zone to create new fracture surfaces, and W p is the energy consumed by plastic deformation around the crack. Therefore, the total work of fracture can be written as
Physically, W e is a surface energy that is proportional to the ligament length, l, for a given specimen thickness. W p is a volume energy that is proportional to l 2 for a given specimen thickness t. Thus, the total work of fracture can be rewritten as
where t is the specimen thickness and b is a shape factor associated with the dimension of the plastic zone. The specific work of fracture w f is obtained after dividing W f by the ligament area tl: 
where the w e and w p are the specific essential work of fracture and the specific non-essential work of fracture, respectively. If it is assumed that both w e and w p are material constants and b is independent of l, a linear relationship between w f and l should be expected when w f is plotted against l according to Eq. (3), see Fig. 2b . Then, w e can be determined by extrapolating the fitting line to zero ligament length and the slope of the line gives bw p . For a valid EWF test, the following requirements must be satisfied: (1) the ligament of the specimen is fully yielded prior to crack propagation; (2) the ligament length must be large enough to ensure that fracture is under pure plane-stress conditions. When the ligament length is reduced below a critical value, the stress state will be in a mixed mode with both plane-stress and plane-strain characteristics. In the mixed mode region, the variation of w f with ligament length often tends to be non-linear, as shown in Fig. 2b . Therefore, the minimum ligament length should be set to a value greater than three to five times the specimen thickness; (3) the loaddisplacement curves of different ligaments should be similar in shape. The validity of the EWF approach for our materials will be discussed in a later section.
Experimental

Sample preparation
Dicyclopentadiene (DCPD) and 2nd generation Grubbs' catalyst were purchased from Sigma-Aldrich (Milwaukee, WI). Dilulin is commercially available from Cargill (MN), which is synthesized from linseed oil and dicyclopentadiene through a high temperature, high pressure Diels-Alder reaction. The chemical structure of Dilulin has been studied thoroughly by NMR and FTIR, revealing an average of one norbornene ring pendant group per triglyceride [3, 18] . Grubbs' catalyst was recrystallized by freeze-drying from benzene [19] to allow better dissolution in the resin. A series of bio-renewable polymers with Dilulin content ranging from 20 to 50 wt% was prepared with a modified injection molding method. The mold consisted of a rubber gasket sandwiched between two glass plates. Resin was injected slowly from the top of the mold with a syringe, and then cured in a convection oven with a cure schedule of 1 h at 65°C and subsequent 3 h at 150°C.
Test procedure
The EWF fracture tests were performed with deeply doubleedge notched-tension (DDENT) specimens on an Instron 5569 universal testing machine (50 kN load cell and Bluehill software) at a crosshead speed of 2 mm/min. The DDENT specimen had an overall height of 100 mm, a width of 30 mm, and a constant thickness of 1.0 mm. Specimens were pre-notched with a V-shaped punch press machine, and subsequently the notch was sharpened using a fresh razor blade. Eight ligament lengths, varying from 2 to 16 mm with an interval of 2 mm, were prepared to determine the value of w e . For specimens made from Dil50DCPD50, the ligament length was controlled within 10 mm with a smaller step to avoid the edge effect. Three specimens were tested for each ligament length to calculate the average value of w f . The load-displacement curve for each test was recorded for further analysis. The ligament length was measured with a microscope after fracture.
Tests to determine the dynamic mechanical properties of the copolymers were carried out using a TA Q800 dynamic mechanical analyzer (DMA) in tension mode. Tests were operated with an oscillation amplitude of 10 lm, a preload force of 0.01 N, and a force track of 125 %. Samples were cooled down to -20°C and held isothermally for 2 min, followed by heating them to 250°C at a rate of 3°C/min. The glass transition temperature (T g ) was determined by the peak of the tan d curve.
The fracture surfaces of the DDENT specimens were investigated using a field-emission scanning electron microscope (FE-SEM, FEI Quanta 250) operating at 8 kV in high vacuum to correlate the microstructure and the fracture behavior. The samples were sputtered with 5 nm Iridium film. Figure 3a shows the temperature dependence of the storage modulus, E, and of tan d for biopolymers with varied Dilulin content. As shown in Fig. 3a , the storage modulus curves shift to lower temperatures with increasing amount of Dilulin. According to the theory of rubber elasticity, the cross-link density of a thermoset can be estimated with the following equation:
Results and discussion
DMA test
where E is the storage modulus in the rubbery plateau region, t e is the cross-link density, R is the gas constant, and T is the absolute temperature in K [20] . The storage modulus in the rubbery state (*150°C) decreased with increasing Dilulin content, indicating that the higher levels of incorporated Dilulin will lower the cross-link density. From figure, we can see that the storage modulus at room temperature (25°C) also decreased significantly with the increasing amount of Dilulin incorporated in copolymers, apparently due to the reduction of cross-link density. Dynamic mechanical analysis not only provides information about the viscoelastic properties, but also about the phase structure of a material. The tan d curves for different Dilulin/DCPD copolymers are shown in Fig. 3b . It can be seen that for copolymers with less than 50 % Dilulin, the curves exhibited one sharp relaxation peak and one broad shoulder to the right. This shoulder at higher temperatures corresponded to the T g of the DCPD-rich phase, while the sharp peak corresponded to the T g of the Dilulin-rich phase. For copolymers containing 50 % Dilulin, the broad shoulder representing the DCPD-rich phase grew and became a new peak at around 100°C, with both peaks significantly shifting to lower temperatures. As the Dilulin content increased, the T g for both phases shifted to lower temperatures. The decrease in T g was attributed to the reduction in cross-link density in each phase. Each triglyceride in Dilulin has only one norbornene group that can undergo ROMP to form a cross-link structure with DCPD. The addition of Dilulin reduced the cross-link density of the copolymers and increased the flexibility of the crosslinked structure. In all cases, the T g of the DCPD-rich phase was slightly lower than the T g of neat poly-DCPD, which is at 153.9°C as reported in [21] . This shows that the DCPD-rich phase has some Dilulin molecules involved in the cross-linked structure.
SEM of phase separation
All uncured Dilulin/DCPD blends were initially homogeneous as clear mixture. However, the cured Dilulin/DCPD copolymers displayed decreased transparency and gradually became opaque with increasing Dilulin content, indicating reaction-induced phase separation, which is commonly seen in reactive copolymers. As we mentioned earlier, Dilulin monomers have only one reactive norbornene group per triglyceride. In addition, long fatty acid chains in the Dilulin molecule greatly reduce its molecular mobility. Compared to DCPD, Dilulin exhibits relatively low reactivity during ring-opening metathesis polymerization. We observed that pure DCPD turned solid in 30 s after the addition of Grubbs' catalyst at room temperature. Blends with 30 wt% Dilulin gelled in 45 min after the addition of the catalyst at room temperature. The phase separation seen in the different blends was attributed to the differences in reactivity between DCPD and Dilulin monomers.
The morphologies of the cured Dilulin/DCPD copolymers were investigated by SEM, as shown in Fig. 4 . The specimens were fractured under cryogenic conditions (liquid nitrogen). All fracture surfaces in Fig. 4 exhibited the characteristics of brittle fracture. The SEM micrograph of the copolymer containing 30 wt% Dilulin (Fig. 4a) showed that the Dilulin-rich phase was homogeneous and the second phase barely detectable. As the Dilulin content increased, the DCPD-rich phase was more easily detected. Figure 4b shows a micrograph of a copolymer containing 40 % Dilulin, in which the DCPD-rich phase is randomly dispersed in the Dilulin-rich phase. There is no uniform shape or size for the second phase, which is detected in clusters of many agglomerated small particles. Detailed features of the DCPD-rich phase are shown in Fig. 4d .
As the Dilulin content increased to 50 %, a dual phase morphology was formed in which the two phases were present in almost equal parts (Fig. 4c) . DMA measurements showed that both phases in the Dil50DCPD50 copolymers showed lower glass transition temperatures compared to other compositions. As discussed earlier, the increase in Dilulin in the copolymer may have reduced the cross-link density in both phases. The changes in morphology and properties for each phase significantly influenced the fracture toughness of the copolymeric materials. Fracture test analysis Figure 5 shows typical load-displacement curves obtained with the DDENT specimens in EWF fracture tests for different Dilulin/DCPD copolymer compositions. Dil20DCPD80 showed typical brittle behavior, while all other specimens exhibited ductile fracture behavior with clear yield point showed on load-displacement curves. The geometrical similarity between the curves for specimens with different ligament length observed for all compositions not only fulfilled an essential pre-requisite for EWF testing but also indicated that the fracture mechanism was independent of ligament length. With the exception of Dil20DCPD80, all other specimens showed extensive crack tip yielding during fracture testing; however, the plastic deformation zone was not clearly visible. Thus, it could not be visually confirmed whether complete ligament yielding occurred at or prior to the maximum load. Figure 5f illustrates the typical load-displacement curves for various Dilulin/DCPD copolymer compositions at a constant ligament length (&10 mm). For a given ligament length, the maximum load decreased, while the displacement at break increased with increasing Dilulin content. The figure also shows a clear transition in the fracture mechanism from brittle to ductile caused by the increased Dilulin content in the copolymer. Dil20DCPD80 failed in brittle manner with unstable crack propagation. The deformation behavior of Dil30DCPD70 showed a prominent stress-drop after reaching the maximum, which corresponded to a full ligament yielding of the DDENT specimen, followed by crack propagation. The load-displacement curves for the 35/65, 40/60, and 50/50 Dilulin/DCPD copolymers indicate that the specimens failed by ductile tearing.
The plane-stress condition was verified by measuring the net-section stress (maximum load divided by the ligament area) for different ligament lengths. According to Hill [22] , the maximum value of the net-section stress, r n , is independent of or only weakly dependent on the ligament length. In the mixed fracture mode region, the net-section stress increased greatly with reduced ligament length. Following Hill's predictions, the theoretical values of the net-section stress for DDENT specimens are 1.15 r y (r y is the yield stress in tensile mode) for pure plane-stress conditions and 2.97 r y for pure plane-strain conditions, respectively [22] . Figure 6 shows change in net-section stress r n as a function of ligament length for Dilulin/DCPD copolymers with different compositions. The theoretical limits r y of the net-section stress for the 30/70, 35/65, and 40/60 Dilulin/ DCPD compositions were also plotted in the same figure. The figure shows that the net-section stress increased rapidly with reduced ligament length for Dil20DCPD80 copolymer specimens, indicating that a non-pure planestress condition existed during the fracture test. It is, therefore, not possible to measure the fracture toughness of Dil20DCPD80 using the EWF method. The net-section stress for all other compositions followed the same general trend of increasing slightly with decreasing ligament length. Only samples made from 40/60 composition show close to 1.15 r y . Other two compositions both have smaller values than the theoretical one. Ours are not the only case. Previous studies have shown that it is very common to see a greater or smaller net-section stress value than the theoretical value [14, 15, 23, 24] . As long as r n is not significantly affected by the ligament length, the EWF method should be applicable. The most widely accepted threshold for the minimum ligament length is 3-5 times of thickness; however, many researchers have demonstrated that there is no universal value for the transition point of the l/t ratio because it varies with the type of material [12, 14, 25, 26] . Figure 6 shows that the net-section stresses didn't increased significantly when the ligament length fell into 2-4 mm. Therefore, all data points were used to calculate the essential work of fracture for our investigations. The specific work of fracture was plotted versus the ligament length and the EWF specific fracture parameters were assessed by a linear regression according to the equation shown in Fig. 7 . As mentioned in the experimental section, w e and bw p were determined by taking the Y-intercept at zero ligament length and the slope of the linear regression line, respectively. It is worthwhile noting that the w f -l diagrams provided very good linear regression coefficients. The essential work of fracture w e and the nonessential work of fracture bw p are summarized in Fig. 8 . The calculation of the shape factor b was not considered because of the inaccuracy and complexity of its determination. As in other works in the literature, bw p describes the plastic work evolution sufficiently for our purpose. Figure 8 shows that w e decreased with increasing Dilulin content, and bw p initially increased until it reached a critical Dilulin content and then dropped. Many studies have demonstrated that the specific essential work of fracture (w e ) is a measure of a material's resistance to crack initiation and the bw p component is seen as a measure of the resistance to crack propagation [14, 27] . The crack propagation resistance characterized by bw p is a highly morphology-sensitive parameter, while the crack initiation resistance, which is characterized by w e , is matrix sensitive [28, 29] . Our investigation showed that as the Dilulin content increased in the copolymer, the major phase (Dilulin-rich phase) showed reduced thermo-mechanical properties because of the decrease in cross-link density. In addition, the strong heterogeneity seen in the micrographs increased the chance for crack initiation. Therefore, it was expected to see a decrease in w e with increasing Dilulin content. The non-essential work of fracture bw p showed an increase when the Dilulin content increased from 30 to 40 %, which was probably caused by the formation of a DCPD-rich phase. Compared to the Dilulin-rich phase, the DCPD-phase has a higher T g and acts as a hard reinforcement in a less stiff matrix, enhancing the copolymer's crack propagation resistance through a crack-pinning mechanism [30, 31] . When the rigid DCPD-phase interacts with a crack, it behaves like an impenetrable object, so that more energy is required for the crack to propagate. The morphology analysis of copolymers containing 30-40 % of Dilulin showed that with an increase in Dilulin content, more DCPD-rich phase was formed and those DCPD-rich phases act similar in different copolymers since similar shoulder peaks were observed in tan d curves in DMA test. The increasing DCPD-rich phases resulted in an increase in resistance to crack propagation. It can be seen from the micrograph of the Dil50DCPD50 copolymer that, more DCPD-rich phases were formed. However, the T g of the DCPD-rich phase shifted to lower temperatures significantly, indicating large property changes in these phases, which may be responsible for the sudden drop of bw p .
Morphology of fracture surfaces Figure 9 shows SEM micrographs of the fracture surfaces generated in the EWF tests. Morphological analyses revealed clear differences between the five blend compositions. Precrack fronts can be seen clearly in Fig. 9a , c. Dil20DCPD80 (Fig. 9a, b) exhibited relatively smooth fracture surfaces with the typical fractography features of brittle fracture behavior. Fan-shaped appearance was observed in Fig. 9b , in which river lines point to an initiation site. Inclusions and second phase boundaries were typical initiation sites. The fracture surfaces of all other Dilulin/DCPD specimens showed largescale shear yielding. The micrograph of Dil30DCPD70 clearly shows shear bands, which were formed by shear yielding during deformation. Close examination of the smooth area between shear bands shows river-like features aligned along the direction of crack propagation. In Fig. 10 , the fracture surface of Dil40DCPD60 shows more shear bands. It is worth noting that crack initiation started from multi-sites at the pre-crack front. These sub-cracks propagated simultaneously on slightly different crack planes normal to the tensile stress. And the side boundaries of adjacent cracks is subjected to shear stress under tensile mode in EWF testing which leads to shear yielding and consumption of a large amount of strain energy in the deformation process. When the material at the crack boundaries failed under shear stress, adjacent cracks encountered with each other, a shear band was left behind as a result. The enlarged micrograph (Fig. 10b ) of the smooth area shows that a small piece of material was pulled out under shearing stress. Similar features were also seen on the fracture surface of Dil50DCPD50. As the amount of Dilulin increased in the copolymer, the fracture surface became rougher because of increased plastic flow on the fracture surface and the initial sites of sub-cracks that were formed as a result of increased heterogeneity.
Conclusion
DMA measurement revealed that the glass transition temperature of Dilulin/DCPD copolymers decreased with increasing Dilulin content because of a decrease in crosslink density. Two a-transition peaks on the tan d curves indicated that reaction-induced phase separation occurred in the copolymer. SEM investigations confirmed that the morphologies of the Dilulin/DCPD copolymers were composition-dependent. The Dilulin/DCPD copolymers showed significant variations in mechanical properties, ranging from very brittle to very ductile with only small changes in composition. The EWF concept is reasonable for evaluating the fracture toughness of copolymers with ductile properties. Our investigation indicated that the mechanical and fracture mechanical properties of Dilulin/ DCPD copolymers are largely controlled by both composition and morphological structure. Fracture surface analysis by SEM revealed a clear transition in the fracture mechanism from brittle failure to ductile failure as the incorporation of Dilulin increased. The increased resistance to crack propagation of Dil40DCPD60, indicated by the maximum in the non-essential work of fracture, was attributed to the formation of a rigid DCPD-phase that toughened the copolymer through a crack-pinning mechanism. The highest essential work of fracture (as measurement of resistance to crack initiation) was observed for Dil30DCPD70 and was probably the result of its less heterogeneous structure and high cross-link density.
